In order to be cost-effective, space structures must be extremely light-weight, and subsequently, very flexible structures. The power system for Space Station Freedom is such a structure. Each array consists of a deployable truss mast and a split 'blanket' of photovoltaic solar collectors. The solar arrays are deployed in orbit, and the blanket is stretched into position as the mast is extended during deployment. Geometric stiffness due to the tension pre-load in the blanket makes this an interesting non-linear problem.
The space station will be subjected to various dynamic loads during shuttle docking, solar tracking, attitude adjustment, etc. Accurate prediction of the natural frequencies and mode shapes of the space station components, including the solar arrays, is critical for determining the structural adequacy of the components, and for designing a dynamic controls system. This paper has the following objectives: I. To examine in detail the 'grounding' phenomenon associated with rigid body rotation of a preloaded beam in space.
2. To examine beam geometric stiffness matrices developed by others with respect to rigid body motion capabilities. Most structural systems are rigidly attached to supports at either or both ends. In order for any movement to occur, the structure must deform, and internal strain energy is developed. Space structures, on the other hand, are not rigidly attached to the ground. Instead, they are free to move as rigid bodies as well as to deform.
Complex structures are generally analyzed using finite element computer programs which solve the dynamic equations of motion using matrix analysis techniques. The equations of motion are set up in the form of the generalized eigenvalue problem
where [K] is the global stiffness matrix, [M] is the global mass matrix, n; are the natural frequencies of vibration, {u;} are the displacement or mode shape vectors, and {R;} are the forces. Current methodology utilizes MSCjNASTRAN Solution 64 to generate the tangential stiffness matrix for the deployed array, storing this matrix in a database, then using this matrix in Solution 63 dynamic analysis, to obtain the frequencies of vibration. As a routine check of the model, the global stiffness matrix is multiplied with a matrix of the rigid body modes to determine whether any pseudo-forces occur. (Whether strain energy has developed.) Since no internal stresses should occur during rigid body motion, the generation of pseudo-forces indicates that an internal 'grounding', or false stiffening, of the system occurs, due to errors or deficiencies in the finite element model.
It was found that the global stiffness matrix does not possess rigid body rotation capabilities. In order to predict the dynamic response of the structure, a Craig-Bampton sub structuring scheme is used. However, certain erroneous non-zero terms appear in the null set of the partitioned matrices due to the grounding effect. They must be zeroed out, and the missing rigid body modes appended to the matrix, in order to more accurately predict the dynamic response [I).
The author idealized the problem as a free/free beam in tension, and found that the pseudo-forces are developed at the element level due to limitations inherent in the geometric stiffness matrices currently in acceptable use. In particular, the geometric stiffness matrices for the beam element lack the capability for rigid body rotations, especially when the rotations are large.
The geometric (initial stress) stiffness matrices in current use developed from a Bernoulli-Euler formuconvergence to the mlssmg zero frequency in the dynamics problem of the pre-loaded beam with free/free boundary conditions. In addition, higher frequencies may be significantly in error. Table I compares the finite element solution for a pretensioned beam with pinned/roller and free/free boundary conditions.
ELASTIC STIFFNESS MATRIX
The elastic stiffness matrix for a two-node Bernoulli beam is
lation have been shown to provide accetable results
The [K.] matrix must possess the capacity of a full for most static displacement and buckling problems, set of rigid body modes. In other words, the element provided a sufficient number of elements are used [2] . must be able to both translate and rotate without However, refinement of the mesh does not produce developing stresses (see Fig. I ). Note that in Fig. I(c) that the rotation is considered to be relatively small, such that the displacement in the axial direction due to the rotation is negligible.
Multiplying Another way of determining whether [Ke] possesses all the rigid body mode capabilities is to solve the dynamic analysis of the beam with free/free boundary conditions. This was done [6] using the finite element dynamics algorithm in the computer program NLFINITE.FOR (see the Appendix). The results were three zero eigenvalues and corresponding rigid body mode shapes. 
Application of the rigid body modes to [Kg] results in
Another beam stiffness matrix which incorporates
The terms ± PO are fictitious forces generated shear effects is referred to as a Timoshenko beam. during the rigid body rotation. Similarly, dynamic The elastic stiffness matrix for a Timoshenko analysis, using NLFINITE.FOR, yields only two beam is zero eigenvalues for the free/free beam in tension,
where (/J = 12EI/(L2K'AG), which corrects for shear deformation. As K'AG becomes very large, (/J ~0, and [Keh = [Ke] . The Timoshenko elastic stiffness also possesses a full set of rigid body modes. A major difference in the Timoshenko approach is that the bending rotation is considered independently in the derivation, not simply the derivative ofthe displacement equation, as is done in the Bernoulli derivation.
GEOMETRIC STIFFNESS MATRIX DEVELOPMENT
The presence of an axial force introduces additional stiffness terms, resulting in the geometric corresponding to axial and transverse rigid body translations only.
Various formulations have been used for establishing the geometric stiffness matrices from the static displacement problem. Martin [7] used a strain energy formulation with interpolating polynomials. Clough and Penzien [8] used minimization of the potential function with the Hermitian polynomials. Both approaches yield a consistent geometric stiffness matrix, which lacks rigid body rotation capability, as was previously demonstrated.
The 
where Pis half the angle of rotation.
If this vector is expanded in power series form, upon retaining the first two terms, and factoring out PL, one obtains
which contains numerous non-zero terms. Hence, [Kgh-node does not possess rigid body rotation capability.
Saunders [10] solves for the exact solution of the differential equations using a Timoshenko approach, then expands his 'exact' stiffness matrix in a power series solution, obtaining a series of matrices of increasing order.
Saunders 'exact' stiffness matrix is
BR -sin(BL)
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B=J(P/EIR) IX=BL R=(1-P/K'AG)
Thus, Saunders' 'exact' stiffness matrix does not possess the required rigid body rotation mode.
Argyris (11] 
IX(IX -IXR) P8
1X2(l -R) . Thus
P8(-B2L2R) (P/z)( -PL 2 /EI)
The matrix is non·symmetric. Multiplying [KghoTAL by the exact rigid body rotation vector, then applying small angle considerations, yields Martin [12] summarizes work done by Marcal [13] which introduced higher order terms in his initial displacement matrices. In addition to the conven· tional The basic non·linear equation is Let the rotation angle = 2f3 (Fig. 2) .
Similarly Thus, the rigid body rotation check becomes
Performing the rigid body rotation check yields
Note that non-zero pseudo-force terms still appear. Development of the stiffness matrices from the equation of motion has been investigated by Paz, using both a Bernoulli [14] and Timoshenko [IS] beam approach. He developed his 'exact' stiffness matrix, then expanded it in a power series solution.
Paz's solution, based on the transverse vibration of a beam with an axial compression load, is of the form
where [K] is the traditional elastic stiffness matrix with no axial terms, [Go] is the standard geometric stiffness matrix, [Mo] is the first order mass matrix (consistent mass matrix).
[Mo] = mL/420
[Ad is the second-order mass-geometrical matrix
[Md is the second-order mass matrix 59 161·7
The mass matrices do not possess rigid body modes, but they are not intended to, since they generate the inertial forces. [Gd possesses all the rigid body modes, hence, no correction to [Go] , which lacks rigid body rotation capability, is applied. Thus, 'grounding' during rigid body rotation still occurs.
Similarly, Paz's Timoshenko formulation (which includes rotary inertia and shear terms), generates the matrix
where the terms within the matrix are the same as the consistent geometric stiffness matrix. 
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in the representation, and that pseudo-forces occur to maintain equilibrium [ Fig. 3 ).
Recall Fig. 3 , and letting the sum of the moments at o equal zero, yields
=P-tanO
= PO + higher order terms.
Thus, P' represents pseudo-forces required for equilibrium. Collar and Simpson [16] acknowledge the lack of rigid body rotation capability of [Kg] , but indicate that it is not a problem, because the energy representation is correct.
Consider the work/energy relationship from Similarly, using a matrix development
Therefore, the energy relationship is correct for the p 2 terms, but the higher order terms are neglected. For large rigid body rotation, this is significant.
It should be noted that as long as the pre-load P is assumed to remain horizontal during rotation, work will be done by the force. Thus, true rigid body rotation cannot occur. In order for the true strain energy to equal zero, the force P must change its orientation as the beam rotates (i.e. a follower force, as in Fig. 4) .
=0.
SUMMARY
Based upon this investigation, the following conclusions have been developed:
1. Grounding is due to the development of pseudoforces at the element level required to counteract a CAS 45/1-K force-imbalance inherent in the development. This causes a lack of rigid body rotational capability of the geometric stiffness matrix.
2. Although the consistent geometric stiffness matrix provides acceptable results for most static displacement and buckling problems, provided a sufficient mesh is used, modifications of the global stiffness matrix (zeroing out of erroneous terms, and appending the missing rigid body modes) must be done to more accurately predict the dynamic response.
3. Although the rigid body mode test is routinely used to detect the presence of modeling errors in finite element models, it is not sufficient reason to invalidate a model subjected to pre-loads.
4. Various higher order stiffness matrices developed by others, which include shear and rotatory inertia effects, were examined. As expected, the inclusion of these higher order effects does not compensate for the inaccuracy (lack of rigid body rotation capability) of the geometric stiffness matrix.
5. Development of the geometric stiffness matrix from a directed or follower force approach has the potential for providing full rigid body mode capabilities, since the force imbalance inherent in the other developments can be eliminated. 
